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Presented study deals with the final structure and radiological properties of different fly-ash
based geopolymers. Lignite fly-ash (lignite Kolubara - Serbia) and wood fly ash were ob-
tained in combustion process together with commercial fly-ash. Synthesis of the geopolymers
was conducted by mixing fly-ash, sodium silicate solution, NaOH and water. The samples
were strengthened 60 °C for 48 hours after staying at room temperature in covering mold for
24 hours. The X-ray diffraction, Fourier transform infrared and SAM measurements were
conducted on the samples after 28 days of geopolymerization process. The X-ray diffraction
measurements of lignite fly-ash samples show anhydrite as the main constituent, while wood
fly-ash samples consist of calcite, albite and gypsum minerals. Besides determination of
physicochemical properties, the aim of this study was radiological characterization of lignite
fly-ash, wood fly-ash and the obtained geopolymer products. Activity concentration of 4K
and radionuclides from the 233U and 232Th decay series, in ash samples and fly-ash based
geopolymers, were determined by means of gamma-ray spectrometry, and the absorbed dose
rate, D, and the annual effective dose rate, E, were calculated in accordance with the

UNSCEAR 2000 report.

Key words: fly-ash, lignite, wood, geopolymerization, radionuclide

INTRODUCTION

Ashes, derived from the combustion process of
solid or liquid fuels in power plants, consist predomi-
nantly of inorganic material and small portions of
organics due to incomplete combustion. The composi-
tion of ash is strongly dependent on the fuel from which
itis derived, the combustion technique and the combus-
tion process control. Hence, ash compositions vary
over a wide range. The most important development in
the field of coal combustion products utilization in Eu-
rope, in 2004, was the approval of a revised European
standard on fly-ash (FA) for concrete [1-8]. The stan-
dard covers siliceous FA and includes, for the first time,
FA obtained from co-combustion of coal and certain
co-combustion materials. The new standard introduces

* Corresponding author; e-mail: milosn@vin.bg.ac.rs

aquality control system for FA, consisting of an internal
quality control by the producer and an audit testing by a
certification body which is notified by the building au-
thorities. The EU has approved the use of FA derived
from the co-combustion of coal with wood, straw, olive
husks, green wood, cultivated biomass, animal meal,
municipal solid waste, and paper sludge as a cement ad-
mixture, as long as the FA contains less than 5 wt.% car-
bon, 5 wt.% total alkali, and 0.1 wt.% chloride [7-15].
Finding means of utilizing waste products is a very im-
portant and actual field of research. The FA, obtained as
waste products, from different sources (wood and lig-
nite) were used as a basic ingredient of the new
geopolymeric materials [9]. The technology of
geopolymerisation is gaining commercial interest be-
cause it has been demonstrated that, in certain cases, the
properties of geopolymeric materials are superior to ex-
isting cementations systems [ 10]. Source materials used
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for the synthesis of geopolymers from by-products such
as fly ash have an important role in determining the final
properties of the geopolymer matrix [11]. van Jaarsveld
et al. 2] has shown that the particle size, calcium con-
tent, alkali metal content, amorphous content, as well as
morphology and origin of the FA, greatly affect the
properties that impart on both the initial synthesis mix,
as well as the final product. Also, they concluded that a
chemical dissolution test, XRF analysis, and infrared
absorption spectrum, will provide almost all the neces-
sary information to predict how a specific FA will be-
have when used as a starting material in geopolymer
synthesis.

The goal of this research is investigation of
structural and radiological properties of a different
kind of FA as precursor of geopolymer materials as a
construction material. This is particularly important in
terms of environmental protection and application in
the cement industry. In that context, FA should have
good binding properties. Besides that, an additional
advantage would be a very low content of radio-
nuclides and heavy metals, in order to minimize im-
pact on the environment, as well as to provide safe
wide consumption in civil engineering. In the process
of burning a smaller portion of radionuclides depos-
ited in the wood and lignite, evaporates and goes to at-
mosphere, while a larger portion is retained in the ash.
The results of natural radionuclides *°K, 232Th, and
2381 (**°Ra), as well as of artificial radionuclide '3Cs
content determination in the ash, remained after burn-
ing the wood and lignite, are presented in this paper.

MATERIALS AND METHODS

Geopolymer samples were prepared starting
from different FA precursors (FA- Class F coal FA
(EFA-Fluler® HP) purchased from Baumineral (Ger-
many), indicated from this point onward as FA; WFA-
Wood FA and LFA-lignite FA) and by using sodium
silicate solutions characterized by R=3.3, provided by
Prochin Italia Srl (Italy) and sodium silicate 1.5 (Ser-
bia). Reagent grade NaOH was purchased by Aldrich.
After mixing, samples have been poured in molds
closed to avoid water evaporation and stored at 25 °C
for 28 days. Table 1 shows the chemical composition
of FA, GPFA-geopolymer from FA, LFA-lignite FA,
GPLFA-geopolymer from lignite FA, WFA-wood FA,
and GPWFA-geopolymer from wood FA samples, as
determined by XRF analysis carried out by Bruker Ex-
plorer S4 apparatus.

The X-ray powder diffraction results were col-
lected using Rigaku Ultima IV diffractometer, with
CuKa, ,radiation, with generator voltage 40.0 kV and
generator current 40.0 mA. The range of 5°-80° 20
was used for all powders in a continuous scan mode
with a scanning step size of 0.02° at scan rate of 2 ° per
minute. Mineralogical phase identification of all sam-

Table 1. Chemical composition expressed in oxide of
used precursors

WT.% | FA | GPFA | LFA |GPLFA| WFA |GPWFA
SiO, | 4859 | 462 | 292 | 185 1.6 13.0

Na,O | 1.06 13.5 0.2 33.4 - 38.8
ALO; | 21.71 | 175 20.0 5.7 0.8 0.2
C 8.9 9.9 8.9 - -

CaO | 7.32 5.8 19.2 11.2 78.1 36.4
Fe,O; | 8.03 3.5 7.8 32 - -

KO | 2.11 1.4 0.6 0.2 12.8 7.1
MgO | 2.40 1.4 5.1 2.2 3.6 1.2

SOs 1.3 7.6 16.4 0.7 1.3
TiO, 0.6 0.4 0.2 - -
P,0s 1.5 0.7
Mn,O3 0.9 1.3

ples were done using PDXL2 software (version
2.8.30.) [16]. The ICDD database was used for phase
identification [17].

Fourier-transform infrared spectroscopy (FTIR)
analysis was used to monitor the forming of new
chemical bonds during the synthesis. The functional
groups of all the samples were studied using FTIR
spectroscopy. Samples were powdered finely and dis-
persed evenly in anhydrous potassium bromide (KBr)
pellets (1.5 mg/150 mg KBr). Spectra were taken at
room temperature using a Bomem (Hartmann &
Braun) MB-100 spectrometer set to give under formed
spectra. The spectral data of the samples were col-
lected in 4000-400 cm™! region. The micro-structure
analysis of the obtained GP materials was performed
using a JEOL JSM 6390 LV electron microscope at
25 kV. The samples were previously Au coated in or-
der to avoid charging problems.

Activities of naturally occurring radionuclides
(**%Ra, 2*?Th, and *°K) were determined by means of
gamma spectrometry in all the investigated samples.
Powdered samples, prepared in the manner described in
previous chapters, were placed in PVC cylindrical con-
tainers (125 ml), sealed and left for six weeks in order to
reach radioactive equilibrium. Radiological analysis
was performed by means of a coaxial semiconductor
high purity germanium (HPGe) detector (Canberra
GC5019, with 50 % relative efficiency and 1.8 keV res-
olution for ®Co at the 1332 keV line) associated with
standard beam supply electronics units. Certified solu-
tion of mixed gamma-emitting radio- nuclides (>*' Am,
109Cd, 139Ce, 57Co, Co, 137Cs, 1138n, $3Sr, 5Cr, 210pp,
and ¥Y), purchased from the Czech Metrology Institute
(CMI), was used for the preparation of standards for the
energy and efficiency calibration of the spectrometer in
accordance with IAEA recommendations [18]. All the
spectra were recorded and analyzed using the Can-
berra's Genie 2000 software. Net areas of the peaks
were corrected for the background, dead time and coin-
cidence summing effects [19]. Obtained efficiencies
were corrected for coincidence summing effect using
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Table 2. Activity concentration of natural radionuclides in the investigated samples with associated measurement
uncertainties (K =1). Calculated radium equivalent activity, external radiation hazard index, external absorbed dose rate

and annual effective dose rate

Samples | 2°Ra [Bqkg '] | 22Th (***Ac) [Bqkg '] | K [Bqkg '] | Raeq[Bakg '] | He [Bakg'l | D [nGyh'] | EDR [mSv]
FA 217+7 84.8+3.2 506+ 17 377.23 1.02 172.57 0.21
GPFA 13749 584+ 1.6 375+ 13 249.39 0.67 114.21 0.14
WFA 35+4 26+5 4000 + 200 380.18 1.03 198.67 0.24
GPWFA 1341 1842 1520 + 90 155.78 0.42 80.26 0.10
LFA 180 + 10 140 + 10 180 + 20 394.06 1.06 175.23 0.21
GPLFA 7545 83+6 66+6 198.77 0.54 87.53 0.11

the correction factors obtained with EFTRAN software
[19]. The measurement times were 60 000 seconds. The
obtained specific activities are given in tab. 2, expressed
in Bgkg™!. Quoted uncertainties (the confidence level
of 1o) were calculated by error propagation calculation.
The combined standard uncertainties included the sta-
tistical uncertainties of the recorded peaks, efficiency
calibration uncertainty and the uncertainty of used cor-
rection factors.

Absorbed gamma dose rate

The external absorbed dose rate [nGyh™'] out-
door at 1 m above the ground level was calculated us-
ing the equation

D =046245, + 060445, +004174,  (2)

where the indexes: 0.462, 0.604, and 0.0417 are the
dose conversion factors for 226Ra, » 2Th, and 4OK, re-
spectively, in soil [nGyh™'/(Bqkg™)] [20], and Aga, A1h
and Ay are the activity concentrations [Bqkg '] of
2267y, 232 40

Ra, ©“Th, and "'K.

Annual outdoor effective dose

In order to estimate the health effects of the ab-
sorbed dose, the annual effective dose (EDR) should
be determined considering the conversion coefficients
from the absorbed dose in air to the effective dose
(0.7 SvGy™!) and the outdoor occupancy factor (the
fraction of time spent outdoors) of 0.2 both proposed
by The United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR). The annual
effective dose in units of mSv was estimated using the

[11]
EDR[mSv]=10"°-D-N, -02-0.7 Q)
where D is the absorbed gamma dose rate in air

[nGyh '] and N, — the annual exposure time (8760
hours).

External radiation hazard index
and radium equivalent activity

The external radiation hazard index, H, and ra-
dium equivalent activity, Ra,g are used to estimate the
external radiation hazard due to the emitted gamma ra-
diation. It was calculated according to the [20]

H,, =Ag, /370 + Ag, /259 + Ay /4810
Ragy = A, +143 47, +00774¢ 3)

The value of this index must be less than unity to
keep the radiation hazard insignificant, i. e., to keep
the radium equivalent activity and annual dose under
the permissible limits of 370 Bgkg™' and 1 mSy, re-
spectively.

RESULTS AND DISCUSSION
The X-ray diffraction

Figure 1 shows the X-ray diffraction (XRD) pat-
terns of the FA, lignite FA (LFA), wood FA (WFA),
and geopolymers (GPFA, GPLFA, and GPWFA).

As fig. 1(a) shows, the diffraction of most peaks
from samples FA and GPFA belong to mullite and he-
matite while quartz peaks have considerably less fre-
quency.

Higher background indicates the most likely
presence of amorphous carbonaceous matter in the
samples. It is important to note that in the second sam-
ple (GFA), mullite peaks have lower intensities than in
the sample FA. The Fe,O; phase is noted on
diffractograms like H, but the positions of the peaks
correspond more to maghemite (Fe,0;), which is a
metastable phase with the respect to hematite with spi-
nal-like structure, with cubic sub cell. As fig. 1(b)
shows, powder diffraction patterns of samples LFA
and GFLA. Based on the results of starting raw lignite
material, it is evident that mineralogical composition
corresponds to anhydrite as the most common phase.
Diopside, calcium carbide, and kaolinite-montmoril-
lonite type of clay is also found in PL sample. The min-
eralogical composition of obtained GFL sample is cor-
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Figure 1. Powder diffraction pattern of samples: (a) FA
and GPFA, (b) LFA and GPLFA, and (¢) WFA and
GPWFA

related with the sampling site Kolubara, Serbia.
During geopolymer synthesis LFA-GLFA based on
presented results, it is evident that anhydrite trans-
forms to thenardite. The chemical composition
anhydrite is CaSO, while the thenardite is Na,SO, [20,
21]. Sample GLFA is mainly composed of thenardite
which leads to conclusion that Na* from an alkaline
solution during formation of geopolymer changes the

Ca’" from the structure of anhydrite dissolution and
leads to the formation of thenardite as the ending phase
[22]. Higher background and base line of GLFA sam-
ple indicate the achievement of amorphization during
the geopolymerization process. As can be observed at
fig. 1(c) the WFA sample consists mainly of calcite, al-
bite and gypsum minerals. Due to geopolymerization
process in highly alkaline environment it is evident
that sample GWFA consists mainly of pirssonite
(Na,Ca (CO3), 2H,0), which is most likely produced
by the incorporation of sodium ions into the crystalline
calcite structure [23-25]. Narrow and well -defined
peaks of calcite, pirssonite and gypsum are present in
both samples, which indicates a good structural ar-
rangement of raw material and geopolymer.

Fourier-transform infrared spectroscopy analysis

The results of the FTIR analysis of the studied
samples are presented in fig. 2. The FTIR absorption
spectra were compared to known absorption lines in
literature. The IR spectra were recorded in the spectral
region 400 to 4000 cm !

Figure 2(a) shows the FTIR spectra of the Class
F coal FA, labeled as FA and geopolymer samples ob-
tained by alkali activation of FA (GFA). The bands
around 3450 and 1645 cm™', due to vibrations of
hydroxyl groups, are observed. In the high-frequency
(1200-650 cm™) region, the main band, centered at
~1040 cm™, is assigned to the Si(Al)-O-Si asymmetric
stretch. This band is typical for the spectra of silicate
glasses, and its frequency depends slightly on the state
of hydration, NBO concentration and Al content [26,
27]. For the spectrum of quartz, the main Si-O stretch-
ing band is located at ~1050 cm™' (overlapped with
main band), with three relatively symmetric bands in
the lower frequency: 793 cm!, 698 cm™!, and 459
cm™!'. Comparing the spectra in fig. 1(a) (FA and
GPFA), the intensity of the band near 1418, 1487,
1645 in sample GPFA -12 is much higher than in
FA-12. Figure 2(b) shows the FTIR spectra of the
wood FA and geopolymer samples obtained by alkali
activation of WFA (GWFA). The signal at 1437 cm™,
is attributed to the absorbance of carbonates [28]. The
samples also showed absorbance of carbonates at
2518 cm ! and 875 cmi! [29-31]. In the GWFA, this
signal is shifted to low wave number 1423 cm!. The
typically most abundant elements in wood ash, Ca and
K, were also among the most abundant elements in the
FA. Typically, in wood ash obtained by simple com-
bustion, Ca and K are found in the forms of carbonates
and phosphates [28-30]. Figure 2(c) shows FTIR spec-
tra of the lignite FA and geopolymer samples obtained
by alkali activation of LFA (GLFA). Analysis of the
FA by FTIR spectroscopy gave a very simple spectrum
with signals at 1437 cm™' and 875 cm™! which are con-
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Figure 2. The FTIR spectra of: (a) FA and GFA,
(b) LFA and GPLFA, and (c) WFA and GPWFA

sistent with the presence of carbonates fig. 2(a). After
geopolymerization of the FA with alkali activator,
these signals shifted to wave number 1423 cm™ fig.
2(b).

Scaning electron microscope analysis

The SEM micrographs of precursors and them
geopolymer samples are shown at figs. 3 and 4, respec-
tively. In addition to the general physical characteris-
tics and elemental composition of a random popula-
tion of FA particles, the SEM data clearly indicated
intermixing of Fe and Al-Si mineral phases and the

@) X4,000 Sum

®) X4,000 5pm

(c)

Figure 3. The SEM and EDS analysis: (a) FA, (b) WFA,
and (c¢) LFA

predominance of Ca non-silicate minerals. These re-
sults supported data obtained from previous leaching
studies and were consistent with XRD data. The mor-
phology of a FA particle is controlled by combustion
temperature and cooling rate. The sizes of the particles
observed in this study ranged from less than 1 um to
greater than 5 um. The majority of the particles ranged
in size from approximately from 1 pm to 3 um and
consisted of solid spheres fig. 3(a). Hollow
cenospheres fig. 3(b) and irregularly shaped unburned
carbon particles fig. 3(c) tended to be in the upper end
of the size distribution.

Minerals and mineral aggregates, such as the
quartz in fig. 4(a), often showed surface melting. Ag-
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Figure 4. The SEM and EDS analysis: (a) GFA, (b)
GWFA, and (c¢) GLFA

glomerated particles, fig. 4(b) and irregularly shaped
amorphous particles fig. 4(c) may have been due to
inter-particle contact or, rapid cooling. As determined
by EDS, the predominant elements in the FA samples
were silicon, aluminum, iron, calcium, and oxygen, in
various compounds. Aluminum was primarily associ-
ated with silicon. Lesser amounts of the elements: po-
tassium, magnesium, sodium, titanium, and sulfur,
were observed with the aluminum and silicon. The
only trace element identified was phosphorus and it
was observed in only a few of the samples WFA and
GPWFA. Calcium was observed primarily with sulfur
or with phosphorus; it was not observed associated
with silicon in any of the samples.

The FA samples consisted mostly of amorphous
alumino-silicate spheres with a lesser number of

iron-rich spheres. The majority of the iron-rich
spheres consisted of two phases: an iron oxide mixed
with amorphous alumino-silicate. This mixing of
phases is consistent throughout the internal structure
ofthe FA particles, not just a surface phenomenon. The
amount of mixing varies with each FA particle, and
several internal and surface textures were identified.
The aluminum and silicon-rich spheres had minor ele-
mental associations, similar to clay mineral matter.

Radiological analysis

Results of gamma spectrometric analysis are
givenintab. 2, and based on these values dose calcula-
tions were performed.

Artificial radionuclide '37Cs was detected in low
concentration in WFA and GWFA samples. Naturally
occurring radionuclides 2**U, 233U, ??Ra, 23?Th, and
40K were detected in the measured samples. Measured
specific activities in the samples of FA do not differ sig-
nificantly from the activities of similar samples. Spe-
cific activities should have shown the enhancement in
the first stage, i. e. after the combustion process of coal,
lignite and wood, so activity per unit mass is expected to
be higher due to water loss [11]. Statistically significant
decrease of specific activity was detected for *’K, 2>>Th,
and ?*°Ra in synthetized geopolymer obtained from all
FA, but for uranium isotopes change in specific activity
was not that consistent.

Table 2 presents the total values of the Ra,g, Hy,
D, and annual effective dose EDR originated from flay
ash precursors and geopolymer samples obtained from
them. The highest values of calculated parameters
were mainly observed for raw materials. For all the
synthetized materials, values of calculated EDR were
significantly lower and relative decrease was the high-
estfor LFA and GPLFA samples. Thus, considering ra-
diological characteristics, investigated materials
could be recommended as a promising construction
material or its components.

CONCLUSION

Polymerization process, when it comes to alka-
line activation of FA, leaded to a decrease of measured
radionuclide content in all the measured geopolymer. In
accordance with the presented results, generally, activ-
ity concentration is lower per unit of mass of synthe-
sized geopolymers than in row materials used for their
production. The amorphous gel phase is the major fac-
tor in the mechanical properties of the alkali activated
calcined product based geopolymers. If the resulting
geopolymer is more amorphous, or if it has more amor-
phous gel phase, it is more compact. The FTIR and
SEM -EDS analysis were applied for determination a
polymeric Si-O-Al framework and microstructure of
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the investigated samples, respectively. The largest part
of the geopolymers structure is amorphous and
glass-like. The present crystalline phases are unevenly
distributed in the amorphous matrix. They can cause
stresses and bursting within the matrix, and therefore
the pathway for releasing radionuclides into the envi-
ronment. Calcium was associated with oxygen, sulfur
or phosphorous, not with silicon or aluminum. The cal-
cium-rich material was distinct in both elemental com-
position and texture from the amorphous alumino-sili-
cate spheres. It was clearly a non-silicate mineral
possibly mullite, hematite and quartz, confirmed using
XRD analysis.
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AJIKAJTHA AKTUBAIIWJA PA3INYUTUX BPCTA IIEIEIA
KAO MMPOU3BOJA INPOLHECA CATOPEBABA

Y pany cy npuKa3aHu CTPYKTypa U PajUoJIoONIKa CBOjCTBA PA3IMUUTUX reononuMepa Ha 6a3n
nereher nenena. JlurautHu tetehu neneo (IUrHUT Kony6apa Cp6uja) u apBenu jgetehn neneo fodujeHn
Cy y mpolecy caropesamwa y3 Kopuirhemwe KOMepI_II/I]aJ'IHOF nereher menena. CuHTe3a reomnonumepa
u3BefeHa je MellamweM Jereher memena, pacTBopa Harpujym cuinukarta, NaOH u Bope. Y3opuu cy
ouspirhaBanu Ha 60 °C ToxoMm 48 caTu HaKOH 3ajjpXkaBama Ha COOHOj TeMIepaTypH y MOKpuBajyhem
Kanyny TokoMm 24 cata. Mepema audpaknuje X-3paka, PypujeoBe mHpanpseHe TpancopMmanmje u
cKeHupajyher eJeKTpPOHCKOI MHUKPOCKONA, M3BpILIEHAa Cy Ha y30pUUMa HAaKOH 28 paHa Ipoleca
reononuMepusanyje. Penarencka nupakiuona Mepema y3opaka JUCHUTHOT leTeher nenesna nokasyjy fa
je aHXUJPHUT TVIaBHU CACTOjakK, JOK CE y30pIH npBeHor ereher nenena cacToje off MEUHepasa KajluTa,
anouta u runca. ITopen yTprI/IBaH)a (pU3MUKO-XEMUjCKUX CBOjCTaBa, LIUJb OBOT UCTpakuBawa OO je U
PajiMoJIOIIKA KapaKTepyU3aliyja JUTHUTHOT U APBEHOT Nenena, Kao U JOOUjeHuX TPOM3BO/IA T€OMONMUMEPA.
Konnenrpauuja akrusnocru “°K u paguonyknuga u3 ypanose (*8U) u topujymose (**?Th) cepuje y
y30pIKMa Nernesia v reonojimMmepuma Ha 6asu ereher nenesna ogpebena je nomohy rama ciekrpomerpuje,
a m3pavyHara je jaumHa arncopOoBane po3e D u rogumrma e(peKTUBHA A03a E y CKJIafy ca W3BEIITajeM
UNSCEAR 2000.

Kmwyune peuu: aettiehiu iletieo, AUZHUL, 0P80, Ze0UOAUMEPUIAUU]A, PAOUOHYKAUO



